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INFORMATION CAPACITY OF A PHOTON FIELD AND THE OPTIMIZATION 
OF OPTICAL SYSTEMS FOR INFORMATION TRANSMISSION 

1 .  A. Deryugin and V .  N. Kurashov, 
Kiev State University, Kiev, UkSSR 

ABSTRACT. An examination is presented of the quantity of 
information which can theoretically betransmitted over a 
quantum channel, together with an analysis of methods for 
realizing the potential possibilities of optical informa- 
tion transmission systems. The problem consists of deter- 
mining the influence of the statistics of laser emission on 
the information capacity and of relating the statistics of 
photoelectrons to actual communications systems using a 
photo detector. It is judged that the most useful states 
are ones having the smallest dispersion of photons, which 
determines the fluctuation of the photoelectrons in the 
receiving apparatus. Before the introduction of informa- 
tion, the photon field has a minimum dispersion which 
increases after the addition of information. 

It was noted in [l, 21 that the phenomena o f  coherence and fluctuation of /229l - 
laser radiation are directly related to various information effects which are of 
interest in constructing an actual optical range communications system. 
problems arising during the investigation of this problem, we have separated the 
following two: the influence of the statistics o f  laser radiation on the inform- 
ation capacity of the radiation; the statistics of photoelectrons and actual 
communications systems containing photo detector.3. 
interrelated since, on the one.hand, the statistics of photoelectrons is 
determined by the statistics of photons, while on the other hand the information 
capacity of a photon field is realized in the final analysis using communica- 
tions systems containing photo detectors. In other words, we will be interested 
in the quantity of information which can, in principle, be transmitted through a 
quantum communications channel, as well as the rr2thods allowing these potential 
capacities to be realized. 

Of the 

These problems are closely 

As we know, the quantum nature of lasey radiation has forced the investiga- 
tion of the influence of purely quantum effects on the process of information 
transmission. 
cannot be achieved by simply transferring concepts from classical information 
theory. However, although certain positions from the new theory (such as the 
presence of quantum noise h v b  or the fixed level of entropy reference) cannot 
be called unexpected, others, generally speaking, require additional investiga- 
tion. 

It has been shown [3-71 that the transition to quantum concepts 

One of these is the problem of the influence of the process of 
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information extract ion on t h e  t o t a l  information p rope r t i e s  of i t s  carrier,  
p a r t i c u l a r l y  t h e  p rope r t i e s  of t h e  l i g h t  photon f i e l d .  
wave op t i c s ,  t h e  process of measurement places no l i m i t a t i o n  on t h e  s t a t e  of t h e  
f i e l d  being measured. If the re  i s  a s igna l  whose frequency spectrum is  concen- 
t r a t e d  i n  band width A v ,  according t o  t h e  c l a s s i c  conceptions, i n  p r i n c i p l e  two 
Av independent canonically coupled q u a n t i t i e s  can be measured with any required 
accuracy, f o r  example the  amplitudes of e l e c t r i c a l  and magnetic f i e l d s  of  t h e  
corresponding Fourier components. The pos i t i on  is otherwise i n  quantum theory. 
The uncertainty r e l a t ionsh ips  leave only Av degrees of freedom, which n a t u r a l l y  
reduces t h e  t o t a l  information which can be extracted by measuring t h e  states of 
t h e  f i e l d .  
channel i n  comparison t o  t h e  classical concepts, however, i s  not t h e  only such 
source. 

As we know, i n  c l a s s i c  

/E 
This source of  reduction o f  t h e  information capacity of a quantum 

We know t h a t  a quantum set  located i n  t h e  e igens t a t e  of  a c e r t a i n  
P-representation produces upon measurement a d e f i n i t e  value p l y  f o r  those 
physical q u a n t i t i e s  whose operators commutate with operator  P .  
actual  communications systems cannot a t  t h e  present time always record t h e  
required physical quan t i t i e s .  Thus, we know [7-101 t h a t  t h e  coherent r ad ia t ion  
of  a s i n g l e  mode laser i s  an e igens t a t e  i n  t h e  representat ion of  Glauber. On 
t h e  other  hand, a l l  recording devices which cu r ren t ly  exist  measure energet ic  
q u a n t i t i e s ,  i .e .  ac tua l ly  the  number of photons a r r i v i n g  a t  t h e  input of  t he  
instrument over a c e r t a i n  time 7 .  However, s t a t e s  with f ixed numbers of  photons 
are not t h e  eigenstates  i n  the  Glauber representat ion.  
given measurement, a number of  values may be produced with various probabil-  
i t ies.  NaturalLy, t h e  formation of t h i s  add i t iona l  uncertainty reduces t h e  
quant i ty  of information which can be extracted by t h e  recording device. Thus, 
af ter  determining t h e  maximum entropy of  t h e  photon f i e l d ,  acmrding t o  [3-51, 

' 

Unfortunately, 

This means t h a t  i n  each 

where n is  t h e  mean number of photons a r r i v i n g  pe r  u n i t  time and thereby satis- 
fying the  requirements r e l a t e d  t o  t h e  reduction i n  t h e  number o f  degrees of 
freedom, we have s t i l l  s a i d  nothing concerning t h e  ac tua l  information capacity.  
In order t o  estimate t h i s  quant i ty ,  we must f i x  t h e  quan t i ty  measured a t  t h e  
output of t h e  channel, as well as t h e  d i s t r i b u t i o n  of t h i s  quan t i ty  a t  t h e  input 
of t h e  device which introduces t h e  information, -If t h i s  d i s t r i b u t i o n  is  other  
than 6-shaped, entropy (1) can be a r b i t r a r i l y  divided i n t o  two p a r t s :  "useful" 
and %seless" entropy. The first port ion can be used t o  introduce t h e  informa- 
t i o n  of i n t e r e s t  t o  us and therefore  determines t h e  ac tua l  information capaci ty  
of t he  channel; t h e  second r e s u l t s  from s t a t i s t i c a l  f l uc tua t ions  i n  t h e  physical 
quant i ty  being measured a t  t h e  input of t h e  device introducing t h e  information. 

These considerations show t h a t  t he  r e l a t ionsh ip  of t h e  s ta t i s t ica l  proper- 
t i e s  of a f i e l d  t o  i t s  information propert ies  a r e  of considerable i n t e r e s t .  
Here we should note t h a t  i n  recent years a l a rge  number of works have appeared 
dedicated t o  the  s ta t is t ics  of  l a s e r  and thermal r ad ia t ion  and i t s  recording 
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( for  example, [7-171) i n  which e s s e n t i a l l y  contradictory information i s  fre- 
quently encountered. 
i n  f luc tua t ions  i n  t h e  number of photons with increased degrees o f  coherence of  

t r a n s i t i o n  from a s t a t e  with dispers ion A? = n t o  a s ta te  with dispers ion 
A$ = 9, which corresponds t o  t r a n s i t i o n  from t h e  r a d i a t i o n  of a source which 
i s  near harmonic t o  t h e  r ad ia t ion  o f  an absolutely black body (where n S 1) 
should be accompanied by a reduction i n  t h e  "coherence," and not vice versa. 
Since we w i l l  be in t e re s t ed  i n  t h e  following i n  t h e  information p rope r t i e s  of 
t h e  f i e l d ,  from t h i s  point  of view t h e  more p re fe rab le  s ta tes  are those with 
lower dispers ion of t he  number of photons, s i n c e  it is t h i s  dispers ion which 
determines t h e  f luc tua t ion  i n  t h e  photoelectror 
device. Thus, we can assume t h a t  before  infornl.,iion is  introduced, t h e  f i e l d  
had minimum poss ib l e  dispers ion,  and t h a t  t h e  dispers ion was increased af ter  t h e  
information was introduced. 

This s i t u a t i o n  unfortunately occurs i n  def ining t h e  change 

/231 t h e  r ad ia t ion  (see [ll-131, a l s o  [17]). I t  seems - na tu ra l  t o  affirm t h a t  t h e  - 

recorded by t h e  receiving 

Information Capacity o f  a Photon Field 

In the  works of Stern [4, 51 and Gordon [3], it was shown t h a t  t h e  
information capacity I of a quantum communications channel i s  l imited by t h e  
value o f  t h e  maximum entropy 

i n  which the  d i s t r i b u t i o n  of photons corresponding t o  SqBmax is exponential , 
i .e .  t h e  p robab i l i t y  of t h e  state with n photons is  

where 

I t  i s  easy t o  show [S, 61 t h a t  d i s t r i b u t i o n  (3) corresponds t o  t h e  equi- 
l ibrium rad ia t ion  of an absolutely black body; consequently, as i n  t h e  classical 
case, i n  quantum theory t h e  s igna l  with maximum information capacity corresponds 
s t a t i s t i c a l l y  t o  thermal noise.  However, t h e r e  i s  a d i f f e rence  i n  p r i n c i p l e  
here from t h e  c l a s s i c a l  s i t u a t i o n ,  i n  t h a t  t h e  p o s s i b i l i t y  of  r e a l i z i n g  t h e  
e n t i r e  value of entropy f o r  transmission of  messages, general ly  speaking, 
remains unproven, 
essing of information i n  t h e  o p t i c a l  frequency range, based on t h e  usage of 

Furthermore, with ex i s t ing  methods of s e l e c t i o n  and proc- 
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energy s e n s i t i v e  devices, complete u t i l i z a t i o n  of  entropy SqSmax i s  impossible. 
This r e s u l t s  from the  fact  t h a t ,  as was mentioned above, t h e  s ta te  of  t h e  photon 
f i e l d  of a laser i s  not t h e  e igens t a t e  i n  t h e  representat ion of occupation 
numbers and, therefore ,  t h e  measurements of  t he  energy s e n s i t i v e  r ece ive r  w i l l  
include unce r t a in t i e s  r e l a t e d  t o  t h e  measurement proces:;. Due t o  the  add i t ive  

f o r  t h e  transmission of information i s  defined as t h e  difference 
which can be u t i l i z e d  /232 nature  of entropy, t h e  maximum poss ib l e  port ion of S q . max - 

where So i s  the  entropy of  t h e  i n i t i a l  s ta te  of t h e  f i e l d .  
t i o n  capacity of  t he  communications channel i s  l imited by t h e  r e l a t i o n s h i p  

Thus, t he  informa- 

T f  i n  t h e  i n i t i a l  state So = 0, i .e.  t he re  are no f luc tua t ions  i n  the  

I t  i s  t h i s  case which is  analyzed i n  t h e  classical theory where, i n  
measured object ,  formula (5) i s  converted t o  t h e  ordinary classical Shannon 
formula. 
p r inc ip l e ,  r e a l i z a t i o n s  of  s ta tes  without f luc tua t ions  are always possible .  
So f 0, t h e  s igna l ,  after t h e  message has been introduced, w i l l  contain both 
"useful" information and a c e r t a i n  quan t i ty  o f  "useless" information, r e l a t e d  t o  
t h e  random o s c i l l a t i o n s  of  t h e  physical quan t i ty  a t  t h e  input of  t h e  device 
which introduces the  information perceived by t h e  r ece ive r  as noise .  Since we 
are analyzing energy s e n s i t i v e  recording devices here,  we must f i n d  So i n  t h e  

representat ion of occupation numbers. As a model, l e t  us use t h e  ideal ized case 
of  a f i e l d  i n  a s i n g l e  mode resonator  without d i s s ipa t ion ,  s ince  t h e  presence of 
add i t iona l  modes o r  absorption by t h e  walls only increases  the  f i e l d  f luc tua t ion  
and consequently increases  So. 

t h e  form of a wave packet, which i s  transformed t o  t h e  c l a s s i c a l  case at  t h e  
l i m i t  of l a rge  numbers. 
resonator  can be wr i t t en  i n  t h e  form 

If 

As usual,  we w i l l  seek t h e  so lu t ion  of t h e  Schroedinger time equation i n  

We know t h a t  t h e  Hamiltonian of  t h e  f i e l d  i n  the  

where 
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A 
A +  Operators a and a are the operators of destruction and generation of photons 

respectively; n is the operator of the number of particles. 
of Hamiltonian ( 6 )  are the solution to the Schroedinger equation 

A 

eigen functions of 

for the harmonic oscillator, which can be written in the following form [18]: 

where 

Hn is the Hermit n-th order polynomial. 
stationary state, the following equalities are fulfilled: 

It is not difficult to see that in the 

Let us now find the solutio11 to the Schroedinger time equation 
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which can be wri t ten i n  t h e  form of an expansion with respect  t o  t h e  s t a t iona ry  
wave functions 

We require  t h a t  a t  moment t = 0 t h e  f luc tua t ions  of t h e  f i e l d  be minimal, i . e .  

and, furthermore, t he  cen te r  of t h e  wave packet be displaced i n  t h e  p o s i t i v e  
d i r e c t i o n  o f  p and q such t h a t  

From t h i s  we produce 

.. . - 

I t  i s  not d i f f i c u l t  t o  see t h a t  i n  t h i s  case r e l a t ionsh ips  (13) are f u l f i l l e d .  
Equation (14) allows us  t o  f i n d  t h e  c o e f f i c i e n t s  f o r  t h e  expansion of An. 

c a l cu la t ion  is  performed, f o r  example, i n  [18], producing t h e  following: 

This 

. a  
. _. 

' /An/'- (15) 

The value of IAn12 
n. 

is the  p robab i l i t y  of  t h e  s t a t e  with f ixed number of photons 

This allows us t o  ca l cu la t e  t he  entropy r e l a t e d  t o  f luc tua t ions  a t  t h e  input 
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of the device which introduces the information: 

Thus, the minimum entropy of the field in this case is  determined by the 
entropy of the Poisson distribution. 
be replaced with sufficient accuracy by the Gaussian distribution, i.e. 

With large n, the Poisson distribution can 

Expression (1) for the maximum entropy of the signal with average power a~ in 
turn can be rewritten f o r  large in the form 

from which 

Consequently, only approximately one half of the maximum entropy of the 
The remaining photon field can be used for the transmission of information. 

portion of the entropy, resulting from the peculiarities of quantum theory 
related to the possibility of measuring a definite physical quantity in a fixed 
representation, cannot be separated by energy sensitive recording devices, and 
is not available for the transfer of information. 

Information Losses During Photo Detection 

The result produced in the preceding section was discovered in the first 
works of Stern [4,  51, which were dedicated to quantum theory of information for 
the particular case of an ideal quantum amplifier. Similar relationships were 
produced by the authors of the present article f o r  the case of a multichannel 
communications system with frequency division of channels [19], where the 
process of separating the flux of photons into channels also involves a loss of 
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approximately one half of all the in7ormation. In the following we will find 
the quantity of information separated by a photo detector and show that with 
sufficiently high quantum effectiveness of the photo detector its information 
effectiveness is also determined by formula (20) (this was partially done in 
[23]). In this work, we will base ourselves on the relationships produced by 
Mandel [12, 13, 15, 161, relating the statistical distribution of photons at the 

If at the input of the photosensitive surface, the intensity of the incident 
light changes in the time interval [t,t + TI according to the rule I(t'), the 
probability of recording precisely k photoelectrons in this time interval is 
determined, according to Mandel, from the formula 

/235 input of a photo detector to the distribution of the output photoelectrons. - 

where 

a is the quantum effectiveness of the photosensitive surface. 

Distribution (21) describes the rscording of photoelectrons for a 
definite realization of the input field. 
observed; the observed quantity is the distribution of photoelectrons averaged 
over a rather long time interval. 
the input of the photo detector has the properties of stability and ergodicity, 
it can be assumed in most cases of interest to practice that this averaging is 
independent of the selection of a reading time t and corresponds tG the.avorage 
for the set. 
we produce finally 

Actually, this quantity cannot be 

If the random process describing the field at 

Thus, if the value of U at the input can be considered continuoi-.c, 

where P(U) is the distzibution of the classical field intensity at.the input of 
the photo detector; P(k,T) is the probability of recording k photoelectrons 
during the integration time T. 

if the number of photons at the input is not great, intensity U has an 
essentially discrete distribution and, consequently, the distribution of the 
class.tca1 intensity P(U) should be replaced by the distribution of the 
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occupation numbers of t h e  photons P(n) ,  where n = U / R o ,  and in t eg ra t ion  i n  (23) 
by the corresponding summation: 

Relationships (23) and (24) are o f  g rea t  s ignif icance f o r  t h e  inves t iga t i cn  of  
op t i ca l  information transmission systems, s i n c e  p r a c t i c a l l y  a l l  such systems 
contain a photo detector .  
produce t h e  quant i ty  of information I(k,n)  a t  t h e  output of t h e  photo de t ec to r  
and show t h e  r e l a t ionsh ip  of I(k,n) with t h e  value of I i n  t h e  preceding 
sec t ion ,  For t h i s ,  we consider t h a t  t h e  quant i ty  of information I(k,n)  can be 
wri t ten i n  t h e  form 

Below, on the  b a s i s  of  t hese  formulas, we s h a l l  

where S(k) i s  t h e  entropy of t h e  output d i s t r i b u t i o n  of t h e  photoelectrons; 

i s  i t s  conditional entropy. 

a r r i v e  a t  t h e  input of  a detector ,  p rec i se ly  k photoelectron:: w i l l  appear a t  
its output. 
e x p l i c i t  form of Pn (k) : 

Here Pn(k) i s  t h e  probabi l ic - .v  t h a t  when n photons 

From t h i s  d e f i n i t i o n  and formula (24), it is easy t o  produce t h e  

Suppose now t h e  d i s t r i b u t i o n  of photons a t  t h e  input i s  fixed by expression 
(3 ) ,  so  t h a t  t h e  entropy of t h e  iriput s igna l  i s  maximal and equal t o  (1). 
order t o  ca l cu la t e  S(k) and S(k/n),  we f ind  f u r t h e r  

In  

where 



Using t h e  expressions produced, we f i n d  

w 

Unfortunately, we cannot ye t  ca l cu la t e  S(k/n) . 
estimates f o r  it, as was done i n  [4]. 
d i s t r i b u t i o n  by t h e  entropy of t he  Gaussian d i s t r i b u t i o n ,  and replacing t h e  sum 
with respe t t o  n i n  (26) with in t eg ra t ion ,  we produce 

However, we can f i n d  approximate 
Replacing t h e  entropy of t h e  Poisson 

where 

Thus, we produce t h e  following f ina l  expression f o r  t h e  quan t i ty  of 
information which can be extracted by a photo detector :  

With s u f f i c i e n t l y  high effect iveness  of  t h e  photo detector ,  t h i s  l a t t e r  

and, consequently, only one h a l f  of  t h e  entropy of  t h e  fnput d i s t r i b u t i o n  i s  
information entropy. However, i f  a < 1, t h e  l o s s  of  information may be even 
greater .  For example, where = 0.01; E = l o4 ,  we have I(k,n)  0.2 S(n).  Let 
us emphasize i n  conclusion t h a t  t he  correspondence of  formulas (20) and (33), 
concluded on the  bas i s  of qu i t e  d i f f e r e n t  modu1i;results from t h e  s p e c i f i c  
quantum features  of t he  inforrnqtion c a r r i e r ,  t h e  photon f i e l d ,  as they appear i n  
d i  f f e r  ent s i t u a t  ions . 

/237 expression corresponds with an accuracy t o  a nonessential  component with (20) - 
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T h e  Photo Detector i n  Actual Communications Systems 

Let us produce a c e r t a i n  r e l a t ionsh ip  charac te r iz ing  t h e  operat ion of t h e  
photo de t ec to r  i n  an ac tua l  communications system. 
analyze t h e  rece iver  shown on Figure 1. We can ask t h e  quest ion how e f f e c t i v e  
is t h e  usage of t h e  quantum o p t i c a l  ampl i f ie r  i n  t h i s  r ece ive r  f o r  preliminarv 
amplif icat ion of t he  s igna l  when operat ing with a photo de tec tor .  
a t e ly ,  t h e r e  is not ye t  any s u f f i c i e n t l y  universal  c r i t e r i o n  t o  answer t h i s  
question. 
ra t io ,  cannot be used here, p a r t i c u l a r l y  with low l eve l  input s igna l s ,  when only 
a few quanta are recorded during t h e  t i m e  of i n t eg ra t ion  o f  t h e  photo de tec tor .  
A more acceptable  quant i ty  is t h a t  suggested by Steinberg [ZO],  which can be 
wr i t ten  i n  s l i g h t l y  a l t e r e d  form as follows: 

In order  t o  do t h i s ,  let  us 

Unfortun- 

'The estimates used i n  r ad io  engineering, based on t h e  s igna l /no ise  

where Kn, A F  and rs + n, A P  + 

t r o n s  a t  t h e  output of  t h e  photo de t ec to r  when noise  alone is received and when 
noise  and s igna l  are superimposed respec t ive ly .  
Figure 2. 
and the  superposi t ion of  s igna l  p lus  noise  and, therefore ,  t he  higher  t h e  
p robab i l i t y  o f  de t ec t ing  t h e  s igna l .  I t  can the re fo re  be affirmed t h a t  t h e  
usage of t he  quantum o p t i c a l  ampl i f ie r  is expedient when t h e  value of  r ,  ca l l ed  
t h e  separat ion parameter, increases  i n  comparison t o  a r ece ive r  without t h e  
amp 1 i f  i er . 

a r e  t h e  mean number and d ispers ion  of e lec-  

The sense o f r  is clear from 
The g r e a t e r  r ,  t h e  easier it is t o  d i s t ingu i sh  between noise  a lone 

n 

Figure 1 .  Passage of Signal and Noise Through Simple  
Optical Range Receiver 

In  order  t o  determine r ,  we must c a l c u l a t e  t h e  mean value and d ispers ion  of  /238 - 
t he  d i s t r i b u t i o n  of photoelectrons a t  t h e  output of t he  de t ec to r  with and 
without t he  o p t i c a l  quantum amplif ier .  
(24),  as well as  an expression produced by Shimoda e t  a l .  [22] which determines 
t h e  d i s t r i b u t i o n  of photons P(m) a t  t h e  output of t he  OQA: 

In  order  t o  do t h i s ,  we use formula 
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where 

t where tfl <n; 

P(n) is the input distribution of photons; q (m) is the negative binomial 
distribution; L is the internal noise of the amplifier; G is its gain. It is 
easy to see from (24) that the values of the mean number of photoelectrons and 
their dispersion at the output of the detector are related to the corresponding 
values of distribution of photons at its input by the following relationships: 

n 

In the same way, the mean values and dispersion at the output of  the OQA are 
determined through the input quantities using the formulas: 

Finally, we must consider that during the additive combination of two independ- 
ent, random quantities, their mean values and dispersions follow the relation- 
ships : 

Considering (37)-(39) ,  it is easy to produce the following expression f o r  
the separation parameter: 
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i n  which t h e  system without t h e  amplif ier  corresponds t o  t h e  quan t i ty  r ( @ , l )  
where G = 1. 
is performed by determilling t h e  d i f f e rence  

The estimation o f  t h e  effect iveness  of t h e  work of t h e  amplifier 

which should be p o s i t i v e  i f  t h e  usage of t h e  amplif ier  is t o  y i e l d  any improve- 
ment. 
AT. For example, i f  t h e  amplif ier  is near  i d e a l ,  i . e .  L 
d i f f i c u l t  t o  see t h a t  

In  many cases, r a t h e r  simple formulas can be produced f o r  - t h e  value of vn, Ns, i t  is not 

f o r  a l l  G > 1, 
noise a t  t h e  input i s  Poisson, i .e.  A% = nn, AFZs = n 
p a r t i c u l a r l y  simple expression f o r  t he  gain r ea l i zed  

If we assume f u r t h e r  t h a t  - t h e  d i s t r i b u t i o n  - of t h e  s igna l  and 
we can produce a 

S' 
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from which it follows t h a t  t h e  usage of an idea l  ampl i f ie r  i s  more e f f e c t i v e ,  
tl:. '.er;s the  quantum s e n s i t i v i t y  of t h e  de t ec to r  and t h e  mean power of s igna l  
and noise  a t  t he  input  of t he  rece iver  and the  g rea t e r  t he  gain G .  
' n t e re s t ing  t o  note  t h a t  a t  t he  l i m i t  of very l a rge  G ,  t he  separat ion parameter 
approaches t h e  following quant i ty  

I t  i s  

which determines t h e  separa t ion  of t h e  s igna l  and noise  i n  the  system without 
amplif ier ,  but with quantum ef fec t iveness  of the .photo  de t ec to r  equal t o  1. 

In the  case of an 

i n t e r n a l  noise  (L S ns, nn), 
/240 ampl i f ie r  with very - -  high 
_I 

assuming once more t h e  input 
d i s t r i b u t i o n  of t he  s igna l  and 
noise  t o  be a Poisson d i s -  
t r i b u t i o n ,  we produce 

Figure 2. Explanation o f  Physical Sense 
o f  Separation Parameter y 
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from which, assuming Ks 
addi t iona l  gain i n  the  case when 

Kn, n > 1, we f i n d  t h a t  t he  ampl i f ie r  y i e l d s  an 
S 

It must be noted t h a t  t he  d i f fe rence  i n  t h e  r e s u l t s  produced from the  
r e s u l t s  of Steinberg, who.found t h a t  t h e  usage o f ' a n  ampl i f ie r  which was near 
i dea l  y i e lds  an increase i n  gain only under the  condi t ion a < 1 / 2 ,  can be 
explained by the  d i f fe rence  i n  the  descr ip t ion  of t h e  photo de t ec to r  used. 
usage of a binomial d i s t r i b u t i o n  i n  p lace  of (24), which was done i n  [20], 
changes t h e  value of t h e  d ispers ion  of t he  photoelectrons,  and i n  the  f i n a l  
ana lys i s  changes t h e  conditions appl ied on the  quantum ef fec t iveness  of t h e  
de tec tor .  
r e s u l t s  from di f fe rences  i n  d e f i n i t i o n  of t he  separa t ion  parameter Y .  

The 

Some addi t iona l  d i f fe rence  i n  the  quan t i t a t ive  r e l a t ionsh ips  a l s o  

The desc r ip t ion  of t h e  o p t i c a l  range rece iver  device presented above, based 
on t h e  introduct ion of t he  separa t ion  parameter 7, although it does have a 
number of advantages when compared with the  descr ip t ion  made using the  s igna l  t o  
noise  r a t i o ,  i s  s t i l l  not completely s a t i s f a c t o r y .  For example, t he  p o s s i b i l i t y  
of exis tence o f 7  < 0, general ly  speaking, makes ana lys i s  of t he  operat ion of 
t h e  device more d i f f i c u l t .  
( fo r  example, t he  exponential d i s t r i b u t i o n )  t h e  in t roduct ion  of y has no clear .  
sense a t  a l l ,  s ince  these  d i s t r i b u t i o n s  have no maximum near t h e i r  mean value. 
Also, i n  many cases  an increase i n  input noise  may cause an increase i n  the  
separat ion parameter, not a decrease, as would be expected. This defec t  does 
not  a r i s e  i f  the  separa t ion  parameter Y is determined according t o  Steinberg. 
However, i n  t h i s  case, 7 does not allow of simple physical i n t e r p r e t a t i o n  as i n  
our case. These d i f f i c u l t i e s  fo rce  us t o  search f o r  a more acceptable  c r i t e r i o n  
t o  be used i n  evaluat ing photo receptor  operat ion i n  communications systems. I n  
many cases ,  it is more convenient t o  begin with d i r e c t  ca l cu la t ion  of t he  mean 
e r r o r  a t  t h e  output of t he  rece iver ,  than minimize it subsequently. 
analyze one system allowing t h i s  type of ana lys i s ,  namely a binary system with 
passive pause. 
t he  o p t i c a l  range, and has been inves t iga ted  i n  t h e  l i t e r a t u r e  repeatedly [ll, 
21, 24-25], however most of t h i s  ana lys i s  has only been q u a l i t a t i v e ,  which i n  
some cases has led  t o  f ac tua l  e r r o r s .  
descr ip t ion  of t he  receiving device of a binary o p t i c a l  range communications 
system and i t s  optimization. 

For c e r t a i n  d i s t r i b u t i o n s  of input s igna l  and noise  

Let us 

This type o.f system i s  of considerable i n t e r e s t  f o r  operat ion i n  

/241 - 
We present  below a r a t h e r  general, 

Let us analyze the  system show2 on Figure 3. The passage of t h e  input 
s igna l  through t h e  r ece ive r  channel causes a change not only i n  the  mean s igna l  
power, but i n  t he  type of  d i s t r i b u t i o n  as wel l ,  i n  correspondence with formulas 
(24 and (35). The output device, which has a certain f ixed  threshold,  i s  t o  
d i f f e r e n t i a t e  t he  cases "s ignal  plus  noise" and "noise," developing the  s igna ls  
which w i l l  be represented i n  t h e  following by llltl and "0" respec t ive ly .  The 
e f fec t iveness  of t h i s  process depends both on the  value of t he  threshold,  and 
on the  d i s t r i b u t i o n  of p robab i l i t y  of appearance of a f ixed  number of 
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photoelectrons a t  t h e  output of t h e  de t ec to r .  
e l ec t rons  a r r i v i n g  a t  the  de t ec to r  during the  in t eg ra t ion  time of t h e  de t ec to r  
i s  selected as t h e  threshold,  we can determine t h e  p robab i l i t y  of e r r o r  as 
follows : 

If a c e r t a i n  number of photo- 

Here P1 i s  t h e  p robab i l i t y  t h a t  t h e  symbol"1" w i l l  be received i n  place of r lO't ;  

P2 i s  t h e  p robab i l i t y  t h a t  "0" w i l l  be received i n  place of "1"; Pn(k) and 

(k) are t h e  d i s t r i b u t i o n s  of photoelectrons r e s u l t i n g  from t h e  ac t ion  of  ' s  + n 
input noise  and t h e  superposit ion of s igna l  p lus  no i se  respect ively.  Assuming 
t h a t  t h e  mean frequency o f  appearance of t h e  symbols 111" and "OI' i s  i d e n t i c a l ,  
t h e  ove ra l l  p robab i l i t y  o f  e r r o r  a t  t h e  output of t h e  r ece ive r  can be  repre-  
sented i n  t h e  form 

or ,  using (24) and (25), 

where 

is  t h e  d i s t r i b u t i o n  of t h e  sum of t h e  two independent random events. 
s u b s t i t u t i n g  qn(m) and p (k), we produce 

Now 

m 
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2Per == 1 f 

Performing summation with respec t  t o  i, we f ind  

or, performing t h e  replacement 
I 

For f u r t h e r  s impl i f ica t ion ,  it is convenient t o  introduce the generating func- 
t i o n s  of  t he  moments of t he  input d i s t r i b u t i o n s  
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which have t h e  property t h a t  

F s ~ n  $4 == & f ~ )  Fn (XI. 

Considering t h i s ,  (54) can be f i n a l l y  r ewr i t t en  i n  t h e  form 

Figure 3 .  Passage of Signal and Noise Through Binary Inform- 
a t i o n  Receiver 

Formula (57) determines t h e  p robab i l i t y  of an e r r o r  a t  t h e  output of t h e  
receiver  depending on parameters a ,  G and L, as well as t h e  type of d i s t r i b u -  
t i o n s  of t h e  input photons of  t h e  s i g n a l  and of t h e  noise.  
not used, t h e  p robab i l i t y  of error is produced from (57) where G = 1: 

If t h e  amplif ier  i s  /% 

These las t  two expressions make it possible  t o  determine t h e  influence of t h e  
amplif ier  on t h e  outpu”. e r r o r .  
leads t o  replacement of parameter a with t h e  e f f e c t i v e  parameter 

P 
noise with Tefictratino fiinctinn e 

The presence of t h e  amplif ier  i n  the  c i r c u i t  . .  

7.n[G(ea - l ) ]  i n  t h e  generating functions,  and t o  t h e  addi t ion of  add i t ive  
. (a - P ) L  

Optimization of t h i s  communications system cons i s t s  of seeking out t h e  

18 



minimum of P 
threshold Nopt, which is defined as the integer less than the least positive 

First of all, with fixed a ,  G and L, we establish the optimal er' 

root of the equation: 

The physical sense of this condition can be explained using Figure 4. 
threshold is determined from equation (59) ,  the shaded area on Figure 4. which 
determines the probability of an error, is minimal (Figure 4a). Since 
P 
calculating the optimal threshold N 
amplifier and comparing the corresponding minimai errors, we can make a judgment 
concerning the effectiveness of using the amplifier wit.h the given.psrameters G 
and L. In certain particularly simple cases, this task can be partially solved 
analytically. 
distribution of photoelectrons of signal and noise is considered Poisson and 
when there is no amplifier, the optimal threshold is determined precisely. 
Actually, as was shown in [15], the Poisson distribution of photoelectrons cor- 
responds to a 6-distribution of input photons, so that the generating functions 
will be equal to: 

If the 

(0) < Pn(0), the derired threshold value is always definite. 

opt 

After 
for a receiver with and without an 

s + n  

For example, for the case often seen in the literature when the 

/244 - 

and the optimal threshold will be 

where Ks and En are the number of photons in the signal and in the noise at the 
input. 
photons is an idealization, equation (61) gives a rather good approximation for 
N 
opt 
that the selection of the threshold in correspondence with (61) allows a 
considerable reduction of the average error in certain cases, 

In spite of the fact that the assumption of 6-shaped distribution of 

in certain other more realistic cases as well. Simple calculations show 

For example, 
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Flint - [21] investigates -- a system with the following characteristics: 
an = 6-16, N = 5 and Poisson distribution of photoelectrons. 
However, it is not difficult to see that the optimal threshold will be N 

opt 
where an = 6 and N = 2 where a n  = 16. The probability of error where 

S opt S 
an S = 6 will, correspondingly, be as follows: 
> 0.21. 
be decreased by more than an order of magnitude. 

= 5*10m2, an n S 
= 1 

P er . min = 0.009; Per(N = 5) > 
Thus, proper selection of the threshold levpl allows the mean error to 

Figure 4 .  Determination of  the Optimal Threshold Level: a, Level 
optimally; b, c ,  Level selected nonoptimal l y  

Let us now investigate the influence o f  an amplifier on the magnitude of 
error once more, in the assumption of S -distribution of photons at the input. 
'The general expression for N 
found in this ca -%'!; however, by representing 

through the values of the parameters cannot be 
opt 

we can calculate several of the first values of xN. Thus, 
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f o r  a l l  G > i ,  

cr I? t h e  gain G i s  great  enough, x1 > 0 where L > nne , i . e .  when the  i n t e r n a l  

noise of t h e  amplif ier  exceeds t h e  noise  R t  t h e  input .  
optima! threshold l eve l  w i l l  obviously be N = 0, i .e .  t h e  'rO'l s iqna l  i s  
recorded i f  t he re  are no photoelectrens a t  the output of t h e  photo d e t e c t < - . .  and 
the  "1" w i l l  be recorded otherwise. 
mode. 
p robab i l i t y  of an e r r o r  a t  t h e  output:  

Tn t h i s  s i t u a t i o n ,  t h e  

opt 

This opers t i r , :  *:ode i s  ca l l ed  t h z  binary 
For a receiver operating i n  the  binary l , . . * ~ ' s  . I. is  easy xo calculate t h e  

which reaches a minimum a t  

I t  follows from t h i s  t h a t  where ns > 1, Go 1, i . e .  a receiver device 

without an amplif ier  is optimal. 
r a the r  high gain and in t e rna l  noise exceeding t h e  input noise only'worsens the  
operation of t he  r ece ive r  i n  a binary system. 

Actually, t he  usage of an amplif ier  with a 

However, i f  t he  i n t e r n a l  noise of 
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the  amplif ier  i s  low, it i s  easy t o  see  t h a t  i n  ce r t a in  cases ( in  pa r t i cu la r  
where (Y < 1, nn < 1) we can expect a cer ta in  decrease i n  the probabi l i ty  of 
- e r ro r  i n  comparison t o  a system without an amplifier.  Thus, where a = 0.05, 
ns = 8, nn = 0.05, we produce f o r  a system without an amplif ier  Per 

f o r  a system with an amplifier with G = 20, L 

two terms we produce Per < 0.081, so tha t  the  probabi l i ty  of e r r o r  is decreased 

by appicximately f i v e  times with threshold N = 1. 
an amplifier with the  parameters outlined above, the  optimal threshold l eve l  
N - 30, as  a r e su l t  of which the  e r r o r  can be even less. 

0.335, and 

no, considering only the  first 

Actually, f o r  a system with 
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